Wall turnover in Myxococcus xanthus has been studied by measuring the incorporation and release of meso-diamino[14C]pimelic acid. The rate of turnover was low in vegetatively growing organisms. Following the addition of 0.5 M-glycerol to induce myxospore formation in organisms that had been labelled for one generation in the absence of glycerol, increased rates of incorporation and release were observed both before and during cellular morphogenesis. Chloramphenicol inhibited glycerol-induced myxospore formation, but only partially blocked the release of rneso-diaminopimelic acid. A mutant, non-inducible by glycerol, was isolated and was found to show no increased autolytic activity in the presence of glycerol. Both parent and mutant strains could be induced to form myxospores by 17 mMphenethyl alcohol, but with both strains there was only a slight increase in meso-diaminopimelic acid release following induction.
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I N T R O D U C T I O N
The fruiting myxobacterium, Myxococcus xanthus, grows in liquid media containing protein hydrolysate with a generation time of 4 to 5 h. When deprived of nutrients whilst growing on solid media, the cells aggregate and construct multicellular fruiting bodies within which a proportion of the rod-shaped cells develop into spherical resting cells or myxospores. This normal developmental cycle can be short-circuited by the addition of a variety of hydroxylated compounds, e.g. glycerol or phenethyl alcohol, to exponentially growing organisms which then convert directly into myxospores (Dworkin & Gibson, 1964; Sadler & Dworkin, 1966) . This provides anjnteresting system for studying the control of cellular morphogenesis in a Gram-negative bacterium.
The mechanism by which the various inducing compounds act is unknown. Following the addition of 0-5 M-glycerol to a growing culture there is a rapid and synchronous conversion of the rod-shaped cells to spheres (Dworkin & Gibson, 1964) . This shape change is preceded by greatly increased cellular autolytic activity (Kottel & White, 1974) . In a mutant in which the shape change occurred 8 h after glycerol addition, the increased autolytic activity was similarly delayed (Kottel & White, 1974) . No major differences in composition between the peptidoglycan of vegetative organisms and myxospores have been found, but transient changes in the degree of cross-linking were reported (White et al., 1968) . The shape change could therefore involve modification of the existing wall or replacement with peptidoglycan with an altered structure.
We have been investigating this problem by following the incorporation and retention of meso-diamino[14C]pimelic acid in peptidoglycan during the formation of myxospores by M . xanthus FB and in a mutant that is unable to form myxospores in the presence of glycerol. A preliminary report of part of this work has been published (Dawson & Jones, 1978 The Radiochemical Centre, Amersham). After labelling, the myxococci were pelleted by centrifugation (12000g, 10 min), washed in distilled water, resuspended in fresh growth medium at a density of approximately 2 x lo8 organisms ml-l and incubated with shaking at 30 "C. At intervals, samples (0.3 ml) were taken and filtered under vacuum through 24 mm Whatman GFLC discs. Filters were washed twice with 2 ml 8 mM-MgSO, and once with 2 ml 10 % (w/v) trichloroacetic acid. After drying at 80 "C, the filters were counted for radioactivity in toluene containing 2,5-diphenyloxazole (7 g 1-l) using an Intertechnique SL30 liquid scintillation spectrophotometer. In some experiments turnover was measured by determining the radioactivity released into the medium. Culture samples (0.2 ml) were taken and the organisms were pelleted in 30 s using a Unipan 320 microcentrifuge. Supernatant samples (75 pl) were counted in toluene/Triton scintillation fluid (500 ml Triton X-100; 7 g 2,5-diphenyloxazole; 1 1 toluene). A wall fraction was prepared from exponentially growing organisms by treatment with hot sodium dodecyl sulphate by the method of White et al. (1968) .
Uptake and incorporation of meso-diaminopimelic acid. Uptake of the amino acid was measured by adding mes~-diamino[~~C]pirnelic acid (final activity of 0.1 pCi ml-l) to a culture containing approximately 2 x lo8 organisms d-l. At intervals, samples were taken, filtered, and the filter discs were washed twice with 2 ml 8 mM-MgS04. The radioactivity of the dried discs was determined as described above.
Incorporation of meso-diaminopimelic acid into walls was examined by pulse-labelling the organisms. Samples (2 ml) were removed at intervals from a master culture and incubated at 30 "C for 20 min with the labelled amino acid. After pulsing, 0.4 ml portions were transferred to separate tubes containing 1 ml 10 7;
(w/v) trichloroacetic acid (TCA). After 30 min at room temperature the TCA-insoluble material was removed by filtration and the incorporated radioactivity was determined on the washed and dried filters.
Measurement ofautolytic activity. The method was a modification of that used by Kottel & White (1974) . An exponentially growing culture was centrifuged and the myxococci were resuspended in fresh growth medium at a density of approximately 2 x lo8 organisms ml-I. After addition of glycerol (to 0.5 M final concentration), samples (0.5 ml) were removed at intervals and added to 5 ml distilled water prewarmed to 50 "C. The absorbance at 550 nm was measured immediately and after 15 min incubation at 50 "C. The percentage decrease in absorbance was taken as a measure of autolytic activity.
RESULTS

Walt turnover
To establish that incorporated meso-diaminopimelic acid was located in the peptidoglycan, a sodium dodecyl sulphate-insoluble fraction was prepared from labelled organisms, Almost all (93 %) of the incorporated activity was recovered in this fraction. Furthermore, 89% of this radioactivity was solubilized by overnight incubation of the sodium dodecyl sulphate-insoluble material with lysozyme (100 pg ml-l).
A slow rate of wall turnover, as measured by the retention of meso-diaminopimelic acid in organisms prelabelled for one generation, was observed during vegetative growth. About 2.8 yo of the radioactivity was released h-l (Fig. 1) . In contrast, significant release of radioactivity occurred when myxospore formation was induced by the addition of glycerol.
The rate of release increased quickly after adding the inducer and approximately 60% of the label was lost in the first 2.5 h during which the shape change occurred (Fig. 1) Myx~coccus xanthus clumps after glycerol addition, and turnover was found to be more accurately measured by determining the radioactivity released into the medium rather than that retained by the organisms. An apparently high level of released radioactivity at to was probably due to both release of pool material and an inadequate washing procedure. However, more rigorous washing was avoided as this resulted in some cell lysis and delayed morphogenesis. The rate of label release increased sharply around 40 to 50 min after glycerol addition (Fig. 2) . This just preceded the period of cellular morphogenesis. When chloramphenicol was added with glycerol, there was no shape change and myxospores were not formed. In the presence of both glycerol and chloramphenicol some increased release of label was observed but the rate after 40 min was substantially less than that occurring in the absence of the inhibitor (Fig. 2) . Uptake and incorporation of meso-diaminopirnelic acid Meso-diaminopimelic acid was rapidly taken up by growing M . xanthus (Fig. 3) , but 50 to 60 min after adding glycerol, uptake apparently ceased and the total radioactivity in the organisms remained constant (Fig. 3) . However, since material was being released into the medium after this time (Fig. l) , it is probable that the synthesis and degradation of peptidoglycan were in equilibrium.
To determine whether the rate of incorporation of meso-diaminopimelic acid remained constant during glycerol-induced myxospore formation, a pulse-labelling experiment was performed. Organisms were exposed to labelled amino acid for 20 min and the amount of radioactivity incorporated into TCA-insoluble material was determined. At 40 to 50 min after the addition of glycerol the amount of label incorporated during each pulse doubled, compared with non-induced growing cultures, and was maximal during the shape change associated with myxospore formation (Fig. 4) .
Autolytic activity and wall turnover in a glycerol-insensitive mutant The results described above indicated that glycerol might affect the activation or induction of autolytic enzymes which result in the increased wall turnover observed. These results did not indicate how relevant these effects are to the formation of myxospores. It seemed pertinent, therefore, to investigate a mutant that could not be induced to form myxospores by glycerol.
Kottel & White (1974) have described an increase in autolytic activity occurring during myxospore formation. We have confirmed this observation (Fig. 5) . When glycerol was added to the non-inducible mutant no increase in autolysis was observed (Fig. 5) , clearly indicating that cellular morphogenesis and autolytic activity are associated. Furthermore, when the rate of wall turnover in the mutant was measured in the presence and absence of glycerol it was observed that vegetative organisms had a low rate of turnover similar to the parent strain, but this was increased slightly by glycerol (Fig. 6 ).
Wall turnover in the presence of phenethyl alcohol Phenethyl alcohol induced myxospore formation in both the parent and glycerolinsensitive strains. Induction with phenethyl alcohol, in contrast to glycerol, was asynchronous and the first rounded cells were not apparent until 3 h after adding the inducer. A Samples were transferred to distilled water at 50 "C and the percentage decrease in absorbance during a 15 min period was determined. large proportion of the treated organisms (up to 50 %) always failed to respond to phenethyl alcohol and most of these eventually lysed.
Measurements of the release of meso-diaminopimelic acid from prelabelled organisms, after the addition of phenethyl alcohol, showed that there were slight increases in turnover in both the parent and mutant strains. Increases in rates of release from 1.5 to 3 yo h-l to 2.5 to 5.5 oi;, h-l on addition of phenethyl alcohol were observed. These were considerably less than those observed when glycerol was added to the parent strain.
DISCUSSION
Previous studies with developing myxospores have shown that vegetative organisms and myxospores possess the same amounts of peptidoglycan (White et al., 1968) but that myxospore peptidoglycan is more cross-linked (Johnson & White, 1972) . Additionally, during the glycerol-induced formation of myxospores their walls become more prone to autolysis (Kottel & White, 1974) and show increased sensitivity to some antibiotics (White et al., 1968). These studies did not reveal to what extent vegetative wall material is retained by the developing myxospore or the role of the inducer, glycerol, in bringing about these changes.
Our results have shown that, following the addition of glycerol, there is both an extensive loss ( Fig. 1) and a greatly increased rate of incorporation (Fig. 4) of the specific peptidoglycan amino acid, meso-diaminopimelic acid. This very high level of turnover must result in substantial replacement of existing wall with newly synthesized material. It is difficult to quantify exactly the degree to which the existing peptidoglycan is degraded since recently synthesized material is more susceptible to autolysis (H. Dawson & M. V. Jones, unpublished results). Similar differences in susceptibility have also been found in Streptococcus *faecalis (Shockman et al., 1967) .
What is the mechanism by which glycerol induces myxospore formation? The change in cell shape occurs in less than one generation time and is synchronous. This means that the initial events, at least, are independent of the cell-cycle, although subsequently the failure of organisms to initiate new rounds of D N A replication (Rosenberg et d., 1967) will bring
